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FDM parts with variable process parameters
Purpose – Investigate the structural behaviour of PLA (polylactic acid) parts fabricated by Fused 
Deposition Modelling (FDM) in order to support the development of analytical and numerical 
models to predict the structural performance of FDM components and categories of similar additive 
manufactured parts.
Design/methodology/approach – A new methodology based on uniaxial tensile tests of filaments 
and FDM specimens, infill measurement and normalization of the results is proposed and 
implemented. A total of 396 specimens made of PLA were evaluated using variable process 
parameters. 
Findings – The infill and the build orientation have a large influence on the elastic modulus and 
ultimate tensile stress, whereas the layer thickness and the infill pattern have a low influence on 
these properties.  The elongation at break is not influenced by the process parameters except by the 
build orientation. Furthermore, the infill values measured on the test specimens differ from the 
nominal values provided by the system. 
Research limitations/implications –The analysis of the structural properties of FDM samples is 
limited to uniaxial loading conditions. 
Practical implications – The obtained results are valuable for the structural analysis and numerical 
simulation of FDM components, and for potential studies using machine learning techniques to 
predict the structural response of FDM parts. 
Originality / Value – A new experimental methodology that considers the measurement of the real 
infill percentage and the normalization of the results for inter-comparison with other studies, is 
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proposed. Moreover, a new set of experimental results of FDM-PLA parts is presented and extends 
the existing results in the literature. 
Keywords: Additive Manufacturing (AM), Fused Deposition Modelling (FDM), structural 
performance, process parameters, infill, raster angle, layer thickness, build orientation.   
1.  Introduction
The evolution of the Additive Manufacturing (AM) technologies has increased drastically in the 
last decades; new materials and techniques with improved performance have been proposed, 
including multi-material fabrication capabilities. For this reason, several industries have migrated 
from traditional product development processes to modern methods including AM techniques. This 
evolution has been stimulated by the fact that AM technologies reduce the costs and time of the 
product development process. However, despite this evolution the main application of AM remains 
on the fabrication of prototypes and conceptual parts. One of the main reasons of this limited 
application is that the mechanical performance of AM parts is still uncertain because the particular 
AM process and parameters affect the resultant mechanical properties, which could drastically 
differ from the unprocessed material.
Fused Deposition Modelling (FDM) is one of the most commonly used AM techniques because of 
its several advantages including low technology and material costs, easy to operate, low 
maintenance cost, low temperature operation, office friendly, among others (Durgun and Ertan, 
2014). In the FDM process, a 3D object is built by depositing consecutive layers of thermoplastic 
filament material through a heated extrusion nozzle. Commonly used thermoplastic polymers are 
ABS (Acrylonite-Butadiene-Styrene), PLA (Polylactic Acid), nylon (a kind of polyamide), PETG 
(polyethylene terephthalate glycol-modified), PEI (polyethylenimide) and PEEK (polyether ether 
ketone) (Liu et al., 2019).
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Summarised in Table 1 are several works in the literature addressing the analysis of the influence 
of process parameters on the mechanical properties of FDM parts. Fodran et al. (1996) tensile test 
study on FDM-ABS parts concluded that different flow rates and infill directions have a significant 
effect on the part’s tensile strength and Young's modulus, and that adhesive impregnation provides 
significant improvements in the mechanical properties. 
Build direction and orientation is known to affect the strength of an AM part. Bertoldi et al. (1998) 
focused on build orientation effects on tensile strength of FDM-ABS parts. Their findings revealed 
significant differences in the average tensile strength, elastic modulus and failure mode among the 
different orientations. Bellini and Güçeri (2003) similarly tested ABS filament and FDM-ABS 
parts, observing concluded that the mechanical properties of the FDM-ABS parts depended on the 
building direction, the build orientation and the filling patterns. Likewise,, Raut et al. (2014) 
observed that the build orientation significantly affected the tensile and bending strength. 
Rodriguez et al. (2000) performed tensile and torsional tests on P400-ABS monofilament and 
FDM-ABS test specimens built with three different mesostructures. The results evidenced a 
significant mesostructural influence on the stress-strain response. 
Anh et al. (2002) investigation concluded that the air gap and raster orientation greatly affect the 
tensile strength of ABS parts, while Lee et al. (2005) observed that the elastic performance of 
flexible ABS objects depended on the air gap, layer thickness and raster angles. Conversely, 
Durgun and Ertan (2014) found that the part orientation has more influence on the mechanical 
properties and surface roughness than the raster angle. Hill and Hagui (2014) manufactured 
polycarbonate specimens with different raster angles, and performed tensile and hardness tests 
observing that the material properties are highly orientation-dependant. Carneiro et al. (2015) 
performed tensile tests on Polypropylene (PP) and reinforced PP samples with variable layer 
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thickness, infill percentage and building orientation. They reported that the samples were stiffer in 
the filament direction, with layer thickness having little influence on the mechanical behaviour, 
and the infill percentage had a linear effect on the mechanical properties. Wu et al. (2015) 
performed tensile, compressive and bending tests on polyether-ether-ketone (PEEK) and ABS 
samples with different layer thickness and raster angles. They also observed that layer thickness 
and raster angles have a marked effect on tensile, compressive and bending properties. Lanzotti et 
al. (2015) used a central composite design (CCD) approach to test ABS samples with different 
layer thickness, raster angles and number of shell perimeters. They found that tensile strength 
decreased when the raster angle reaches 90° and increased when the number of shell perimeters 
increases. 
Álvarez et al. (2016) focused on infill percentage and found that the maximum tensile stress and 
impact resistance are obtained with 100% infill. Interestingly, they found that the effective printing 
time with an infill value in the range 50% to 98% is larger than when printing with 100% infill. 
They concluded that the printer type and the material filament influence the mechanical properties 
of ABS components. Torres et al. (2016) performed torsional tests on PLA specimens with 
different layer thickness, infill density and post processing heat-treatment. They found that the 
layer thickness and infill density have a great influence on the strength, and that the infill density 
and heat-treatment affect the ductility of the specimens. Meanwhile, Christiyan et al. (2016) 
performed tensile and flexural tests on ABS samples with different layer thickness and printing 
speed, observing that a low printing speed and a small layer thickness result in maximum tensile 
and flexural strength. Later, Chacon et al. (2017) performed tensile and flexural tests on PLA 
samples with different layer thickness, build orientations and feed rates. They observed that the on-
edge orientation has the optimal mechanical performance in terms of strength, stiffness and 
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ductility. Kozior and Kundera (2017) also observed that the print direction is a key parameter 
influencing the rheological properties of the material. Similarly, Cantrell et al. (2017) found that 
the raster and build orientation have an important effect on the Young´s modulus of ABS 
specimens. In addition, they observed that raster orientation in the flat orientation of PC specimens 
present an anisotropic behavior, with variations of the elastic modulus and tensile strength of 20%.
More recently, Rodriguez-Panes et al. (2018) compared the tensile mechanical behavior of PLA 
and ABS pieces with variable layer thickness, infill percentage and raster angle. It was observed 
that the infill percentage has a great influence on the tensile strength, especially on the PLA 
samples. Kuznetsov et al. (2018) evaluated the flexural strength of PLA samples using different 
nozzles and layer thickness, observing that the layer thickness has the greatest influence on the 
intra-layer cohesion, and the mechanical properties depended on the filament characteristics. On 
the other hand, Liu et al. (2019) observed that ceramic, copper and aluminum-based PLA 
composite parts have superior mechanical properties than pure PLA samples. They also found that 
the highest mechanical strength and modulus were reached with on-edge orientation and +45°/-45° 
raster angle. Camargo et al. (2019) evaluated the effects of layer thickness and infill percentage on 
the mechanical properties of PLA-graphene specimens. They observed the infill and layer thickness 
have a significant influence on the tensile and flexural strength. On the other hand, Terekhina et al. 
(2019) studied the influence of the infill percentage on the tensile strength of nylon parts but 
without considering the shell. They noted that the tensile strength significantly increases after infill 
values of 60%. 
Table 1. FDM parameters studied in the literature.
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From this literature review, it is observed that most of the research works have focused on 
evaluating the effect of the FDM process parameters on the structural properties of ABS parts, and 
very few works have focused on PLA parts. It is also observed that the most studied process 
parameters are the raster angle, build orientation, layer thickness and infill percentage; being the 
infill percentage one of the parameters with the greatest influence on the mechanical performance 
of FDM parts. However, none of the studies in the literature has focused on the measurement and 
evaluation of the infill percentage. Moreover, the existing results are dependent on the equipment 
and the material used in the experiments, and therefore they cannot be comparable with other 
existing results. In addition, they do not consider the evaluation of the differences that may exist 
between the process parameters values selected for fabrication and the real values obtained in the 
FDM part.
Thus, the aim of this paper is to present a new experimental methodology to evaluate the 
mechanical performance of FDM-PLA parts with different combinations of process parameters. 
The new proposed methodology is based on the measurement of the real infill percentage and the 
normalization of the results, allowing the comparison among results obtained from the use of 
different FDM machines and materials. In addition, a new set of experimental results is presented, 
extending the existing results and providing valuable experimental data to be used in structural 
analyses, numerical simulations and Big Data studies to predict the structural behavior of FDM 
parts.      
2. Experimental methodology 
The new proposed methodology to carry out the analysis of the mechanical performance of FDM 
parts is shown in Figure 1. The methodology begins with the mechanical characterization of the 
filament (unprocessed material) to determine its structural properties. Then the process parameters 
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are selected in order to fabricate the tests specimens. After the fabrication of the samples, a 
measurement process is conducted to evaluate the dimensions and infill percentage of the 
fabricated samples. Next, tensile tests are conducted to measure the structural performance of the 
samples. Finally, the results are normalized and analysed. 
Figure 1. Proposed experimental methodology.
2.1 Filament characterization
Initially, tensile tests were carried out on the PLA filaments (unprocessed FDM material) to 
determine their specific structural properties. Several PLA filament rolls of 1.75 mm diameter, 
variable colours and nominal tensile strength in the range 55 to 65 MPa, were used from the 
manufacturers 3D market (2020) and Color Plus (2020). From each filament roll six samples of 
165 mm long were cut and tested at a rate of 5 mm/min, room temperature (~22°C), humidity 
between 35 to 50%, and an atmospheric pressure of 827 mbar at 1876 m altitude. The results were 
analysed and are summarized in Table 2. From these results it is observed that the ultimate tensile 
stress (UTS) varies from 32 to 68 MPa and all values (except the 8, 10, 12 batches), are within the 
standard range of values for PLA, 40 to 70 MPa (3D Matter, 2015). In terms of elongation, some 
variations are also observed and only one batch is not within the standard values of PLA (at least 
6% elongation). Regarding the elastic modulus, the values vary within the range from 1331 to 2501 
MPA, which are not within the standard values of 3450 MPa (MatWeb, 2019). This variation may 
be caused by the quality, the aging time, the storage environmental conditions (temperature, 
humidity, sun exposure, etc.) of the material, and the differences between the fabrication 
procedures followed by each manufacturer (Rodriguez-Panes, 2018).  
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Table 2. Average results of PLA filaments tensile tests.
2.2. Process parameters selection
Four process parameters were selected: infill percentage, raster angle, layer thickness and build 
orientation. For each parameter, the following values were defined based on the values reported in 
literature and the capabilities of the FDM systems used in this investigation: 
 Infill: 20%, 40%, 80% and 100%.
 Raster angle: 0°/90° linear, ± 45° linear.
 Layer thickness: 0.14 mm, 0.18 mm and 0.3 mm.
 Build orientation (axial orientation): flat (X), on-edge (Y) and upright (Z).
2.3. Specimen fabrication
The geometry of the test specimens was defined according to the Type I specimen of the ASTM 
D638 standard (ASTM D638, 2014), as shown in Figure 2. The specimens were fabricated in a 
Creator Pro FlashforgeTM FDM system (dual extruder, precision 0.1 to 0.3 mm, and workspace 
225145150 mm) and a Creality CR-10S Pro FDM system (single extruder, precision ±0.1 mm, 
and workspace 300300400 mm) using the PLA filaments described previously. 
Figure 2. Type I for tensile test specimens (ASTM D638, 2014).
In order to have a statistically valid sample, five test specimens were manufactured for each 
possible combination of the process parameters values. According to the parameters and values 
selected, 72 combinations were obtained, leading to a total of 360 specimens, which were 
fabricated and evaluated. Design of experiments (DOE) was not used because the maximum 
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number of levels for each factor are three, and since a factor with four levels increases considerably 
the error. The rest of the process parameters remained constant and were defined based on the 
values recommended by the FDM systems used in the investigation. The selected values were 2 
layers for shell perimeters, 200°C for the extruder temperature, and 80 mm/s for the deposition 
speed.  
2.4. Dimensional measurement 
The dimensions of each of the 360 test specimens were measured using a Mitutoyo CD-4”CSX 
caliper. These measurements were validated by means of a ZEISS VISTA coordinate measurement 
machine (CMM), and using a sample of seven test specimens for each orientation and infill 
percentage, as shown in Figure 3. Since in the upright orientation the test specimen did not fit into 
the build workspace of the FDM systems, all the upright-oriented test specimens were scaled down 
to 70%. Table 3 shows the average measurements and standard deviation for the orientations flat 
and on-edge, and Table 4 shows these measurements for the upright orientation. From these results, 
it is observed that the values of the standard deviations are smaller than 0.1% of the nominal 
dimensions, which is acceptable and therefore it can be said that the FDM system is accurate. 
Furthermore, it can be observed that the infill parameters do not influence the accuracy since all 
the values are within the same ranges. Additionally, the internal structure and gaps among filaments 
of the test specimens were also observed using a Leica Microsystems CMS GmbH Inverted Tube 
Microscope, as shown in Figure 4 
Figure 3. Measurement in the ZEISS VISTA CMM: a) set up, b) measuring process, c) distance 
calculation.
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Table 3. Average dimensions of the flat and on-edge specimens. 
Table 4. Average dimensions of the upright specimens.
Figure 4. Microstructure of the specimens: a) 20% infill, b) 40% infill and c) 80% infill.
2.5. Infill measurement 
In order to validate the infill values of the manufactured specimens, the weight of each specimen 
was measured on an ExplorerPro scale and the real infill values were determined using the 
following equation: 
(1)𝑅𝐼 = 𝑊𝑡𝑠𝑊𝑠𝑠 × 100%
where RI is the real infill percentage, Wts is the weight of the test specimen, and Wss is the weight 
of a solid specimen. The Wss value was determined as follows:
(2)𝑊𝑠𝑠 = 𝛾𝑉𝑠
where Vs is the volume of the specimen and g is the specific weight of the filament material, which 
was calculated by measuring the weight and volume of a filament sample. The average values of 
the real infill measurements are shown in Table 5. In this table, it can be observed that real infill 
values do not match the nominal infill values defined in the FDM fabrication process. It is believed 
that this difference between the nominal and the real infill values is because the nominal infill does 
not take into consideration the perimeter layers. However, these perimeter layers contribute to the 
rigidity of the specimens and therefore they must be taken into account. Moreover, the use of the 
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real infill values allows the inter-comparison among different studies, independently of the FDM 
material and system used. Thus, the real infill values will be used from now. 
Table 5. Real infill average values.  
2.6. Tensile test 
The tensile tests were carried out using a Shimadzu AG-100 KN Universal Testing Machine, as 
shown in Figure 5, and according to the ASTM D638 standard. The specimens were tested at a rate 
of 5 mm/min, room temperature (~22°C), humidity between 35 to 50%, and an atmospheric 
pressure of 827 mbar at 1876 m altitude.   
Figure 5. Tensile test: a) specimen preparation, b) tensile test, c) specimen after fracture.
2.7. Results normalization 
The tensile test experimental results were analysed in terms of the elastic modulus (E), the UTS, 
and the elongation at break properties. However, in order to provide universal results that can be 
inter-comparable with other studies, independently of the particular filament properties and FDM 
system used, a normalization process was proposed and carried out. This normalization process 
consisted in dividing the experimental results of each test specimen by the corresponding property 
of the FDM filament used in the fabrication process. The filament properties were previously 
obtained at the step 1 of the proposed methodology (filament characterization). 
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3. Results analysis and discussion 
3.1. Influence of build orientation
Figure 6 summarizes the experimental results grouped according to the build orientation. From 
these results, it is observed that for the three different build orientations, the mechanical properties 
under analysis are, in general, proportional to the infill percentage. It is also observed that the 
samples with flat and on-edge orientations had a very similar structural behaviour and performance, 
whereas the samples with upright orientation, although they had a similar behaviour as the samples 
with other orientations, they showed a reduced structural performance. The results also showed 
that the samples with the largest infill percentage (close to 100%) and flat and on-edge build 
orientations, had a significant reduction (approximately 20%, average) of the structural properties 
of the unprocessed material. This reduction is larger (approximately 50%) for the samples build 
with the upright orientation. This behaviour can be explained by considering that in the flat and 
on-edge build orientations the load is applied in direction parallel to the deposited filament, whilst 
in the upright orientation, the load is perpendicular to the deposited filament and therefore the 
structural performance is defined by the adhesion properties among layers. 
Figure 6. Build orientation and infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
3.2. Influence of layer thickness
Figure 7 shows the average normalized results for each layer thickness versus the infill percentage. 
These results are also grouped by the build orientation because of the great influence that it has on 
the structural properties. Note that the results for the flat and on-edge orientations were grouped 
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and averaged because they showed very similar behaviours for this process parameter. As shown 
in Figure 7, the structural performance of the three different layer thicknesses in the flat and on-
edge orientations are very similar for the elastic modulus, the UTS and the elongation at break. 
These results suggest that the layer thickness does not have a significant influence on the structural 
performance of the samples built in the flat and on-edge orientation. However, the structural 
performance of the samples built in the upright orientation is affected by the layer thickness, being 
the best performance for the 0.14 mm layer thickness and the lowest performance for the 0.30 mm 
layer thickness. This behaviour is because thinner layers will lead to a better bonding condition 
between layers. In general, samples built in the flat and on-edge orientations have a superior 
structural performance than those built with an upright orientation. Finally, results show that for 
any layer thickness and build orientation the elastic modulus and UTS are proportional to the infill 
percentage.  
Figure 7. Layer thickness and infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
3.3. Influence of raster angle
Figure 8 shows the average and normalized values of the structural properties of the samples 
grouped by the raster angles, 0°/90° and ± 45°. The results are grouped into flat/on-edge and upright 
build orientations due to the great influence of the build orientation on the structural performance 
of the samples. It is observed that for the flat and on-edge build orientations, the raster angle 0°/90° 
leads to a slightly greater elastic modulus and UTS than the raster angle ± 45°; however, this 
behaviour is inverse for the elongation, the specimens with the ± 45° pattern have a superior 
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elongation than those with a 0°/90° pattern. This behaviour is because when the load is applied to 
the filaments crossed at 45°, they first suffer a displacement which does not generate an elongation, 
and later they begin to stretch; whereas the filaments at 0°/90° undergo an elongation from the first 
instant of the load application. In the case of the upright build orientation samples, both raster 
angles lead to the same behaviour of the three structural properties, without any clear evidence of 
one being superior to the other. In general, all samples show that the elastic modulus and UTS are 
proportional to the infill percentage, but the elongation is not visibly affected by the infill 
percentage. In addition, the samples with flat or on-edge build orientations have superior 
performance than the samples with an upright orientation. 
Figure 8. Raster angle and infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
3.4. Influence of infill percentage
The results obtained from the experimental tests on FDM specimens showed that the parameters 
with the greatest influence on the structural behaviour are the infill percentage and the build 
orientation. Thus, in order to cover a wider range of infill values, 36 PLA specimens were 
additionally fabricated using the following process parameters: 
 Infill: 5%, 10%, and 100%.
 Build orientation (axial orientation): flat (X), on-edge (Y) and upright (Z).
 Perimeter layers: 1, 2.
 Bottom and upper layers: 2, 3.
 Layer thickness: 0.18 mm.
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 Raster angle: ± 45°.  
The rest of the process parameters remained the same. These additional specimens were evaluated 
using the proposed experimental methodology, and the results were integrated with the other 
results. The complete integrated results are shown in Figure 9, which have been grouped into flat, 
on-edge orientation and upright orientation due to the great influence of the build orientation on 
the structural performance of the samples. The results of the elastic modulus (Figure 9a) show that 
the specimens in the flat and on-edge build orientations had the same behaviour and reached a 
maximum elastic modulus of about 75% of the filament property. Whereas the specimens in the 
upright orientation showed the same trend as the others, but the maximum elastic modulus was 
within a range of 50 to 65% of the filament value.  Regarding the UTS, Figure 9b shows that the 
values of the flat and on-edge specimens are greater than the values of the upright specimens; 
however, all specimens show the same behaviour and tendency. Figure 9c evidence that maximum 
value of the elongation was approximately 70% of the filament value, which indicates that the 
fabricated specimens have much lower elongation than the unprocessed material. In addition, it is 
noticed that the results of the elongation do not have a clear trend. However, it can be said that the 
elongation of the specimens build in the flat and on-edge orientations is greater than the elongation 
of the specimens built in the upright orientation.
Figure 9. Infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
3.5. Discussion 
The experimental results indicate that the process parameters with the greatest influence on the 
structural behaviour of FDM specimens are the infill percentage and the build orientation. 
However, in order to confirm these observations, these results were compared with some existing 
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results in the literature (3D Matter, 2015; Carneiro et. al. 2015). To conduct this comparative 
analysis, the existing results were normalized using the proposed approach and considering average 
properties of the raw material used in the references.  
Figure 10 compares the new experimental results and the existing results in the literature, grouped 
according to the build orientation. In the case of the elastic modulus (Figure 10a), it is observed 
that the new experimental results have the same tendency but lower values than those reported in 
the literature. This difference in values may be due to the different fabrication conditions, the 
difference between the real and the nominal infill values, and the real properties of the raw material 
used in the experiments reported in the literature. However, it is evident that the new experimental 
values reproduce with good precision the tendency of the results reported in the literature. In the 
case of the UTS (Figure 10b), it is observed that the new experimental results for the flat and on-
edge orientations and the results reported in 3D Matter (2015), have the same tendency and values, 
but the results obtained by Carneiro et. al. (2015) show the same trend but greater values than the 
others. On the other hand, Figure 10c shows that all the elongation results do not have a clear 
tendency; however, the new experimental results show a good degree of coincidence and behaviour 
with the results reported in 3D Matter (2015). 
Figure 10. Comparison of the experimental results with existing results: a) elastic modulus, b) 
UTS, and c) elongation.
Thus, it can be said that the experimental results obtained in this work are valid and agree with the 
results obtained in the literature, despite the differences in the fabrication processes, raw material 
Page 16 of 35Rapid Prototyping Journal
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Rapid Prototyping Journal
17
properties, and the FDM system used. Moreover, the proposed experimental methodology and 
normalization process is valid and useful to compare experimental results obtained under different 
conditions. Finally, it can be said that the structural behaviour of the FDM specimens is orthotropic, 
having the same structural properties in the plane of the layer (flat and on-edge build orientations), 
but reduced properties in the direction perpendicular to the layers (upright build orientation).
4. Conclusions 
A new experimental methodology to evaluate the mechanical performance of FDM parts has been 
proposed and validated. An extensive experimental analysis of the mechanical performance of 
FDM-PLA specimens using different materials and FDM systems has been presented. The results 
have revealed that the FDM process parameters with the greatest influence on the mechanical 
properties of the parts are the infill percentage and the build orientation. The elastic modulus and 
the UTS are proportional to the infill percentage, but the elongation is independent of the process 
parameters and depends on the conditions of the unprocessed material. In the case of the build 
orientation, no significant difference in the structural properties values was observed between the 
flat and on-edge manufacturing orientations; however, these values were much smaller for the 
upright build orientation. In addition, it is important to characterize the raw material in order to 
normalize the experimental results, so they can be comparable with other results independently of 
the equipment and material used. The proposed result normalization approach provides a greater 
clarity when analysing and identifying the effect of the process parameters and allows the inter-
comparison among different studies. Finally, it can be said that the new experimental results extend 
the existing results, provide more information and knowledge need for the Design for Additive 
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Manufacturing (DfAM) process, and are valuable for numerical simulations and Big Data analysis 
to predict the structural response of FDM parts.
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Table 1. FDM parameters studied in the literature.
Reference Material Gap Infill %
Build 
orientation
Raster 
angle
Layer 
thickness
Velo
city
Tempe
rature
Filament 
width
Flow 
rate
Nozzle 
diameter
Perimeter 
layers
Fodran et 
al., 1996 ABS    x     x  
Bertoldi et 
al., 1998 ABS x  
Rodriguez 
et al., 2000 ABS x  
Anh et al., 
2002 ABS x x x x
Bellini et 
al., 2003 ABS x x  
Lee et al. 
2005 ABS x x x x
Raut et al., 
2014 ABS x  
Durgun and 
Ertan,  
2014
ABS x x  
Hill and 
Haghi, 
2014
Polycarb
onate x  
Carneiro et 
al., 2015
Polyprop
ylene x x x  
Lanzotti et 
al., 2015 PLA x x x
Wu et al., 
2015
PLA
PEEK x x
Alvarez et 
al., 2016 ABS x  
Torres et 
al., 2016 PLA x x x x x x
Christiyan 
et al., 2016 ABS x x  
Chacon et 
al., 2017 PLA x x x  
Kozior and 
Kundera,   
2017
ABS x  
Cantrell et 
al., 2017
ABS
PC x x  
Rodriguez-
Panes et 
al., 2018
ABS
PLA x x x  
Kuznetsov 
et al., 2018 PLA x x
Liu et al., 
2019
PLA 
PLA+add
itive   
x x       
Camargo et 
al., 2019
PLA+gra
phene x x
Terekhina 
et al., 2019 Nylon x
ABS-Acrylonite-Butadiene-Styrene, PLA - Polylactic Acid
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Table 2. Average results of PLA filaments tensile tests.
Material 
batch Manufacturer
UTS 
(MPa)
Elongation 
(%)
Elastic modulus 
(MPa)
1 1 45.73±3.74 8.78±0.42 2054.26±150.27
2 1 56.51±0.65 8.47±0.86 1891.61±34.28
3 1 42.44±2.45 7.86±0.25 1634.51±370.19
4 1 64.95±2.81 11.58±3.72 2501.63±545.13
5 1 68.20±0.65 10.14±2.41 2229.69±109.63
6 1 48.35±0.50 10.14±0.44 1598.18±90.73
7 1 48.52±0.61 11.38±2.49 1331.38±145.56
8 2 35.70±2.69 9.79±5.72 1945.60±178.99
9 2 41.75±0.09 5.12±1.31 2370.26±143.86
10 2 32.60±0.45 12.23±3.59 2378.51±44.39
11 2 45.18±1.58 13.32±5.14 2096.67±214.18
12 2 38.84±0.39 10.11±4.08 2186.34±182.12
Table 3. Average dimensions of the flat and on-edge specimens. 
Infill (%) WO (mm) W (mm) T (mm)
20 19.001±0.017 13.182±0.084 5.049±0.093
40 19.002±0.061 13.189±0.067 5.077±0.043
80 18.986±0.049 13.205±0.045 5.012±0.134
100 19.037±0.050 13.221±0.047 5.105±0.034
Table 4. Average dimensions of the upright specimens.
Infill (%) WO (mm) W (mm) T (mm)
20 13.236±0.103 9.093±0.051 3.666±0.086
40 13.234±0.095 9.084±0.036 3.630±0.053
80 13.229±0.093 9.071±0.056 3.641±0.051
100 13.326±0.068 9.148±0.044 3.678±0.052
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Table 5. Real infill average values.  
Build 
direction
Weight 
(g)
Nominal 
infill (%)
Real infill 
(%)
Flat 8.57 20 52.85
On-edge 10.81 20 66.66
Upright 4.18 20 75.18
Flat 10.35 40 63.84
On-edge 12.04 40 74.24
Upright 4.42 40 79.45
Flat 13.72 80 84.59
On-edge 14.92 80 92.01
Upright 5.33 80 95.90
Flat 15.40 100 94.95
On-edge 16.01 100 98.70
Upright 5.53 100 99.43
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Figure 1. Proposed experimental methodology.
 
Figure 2. Type I for tensile test specimens (ASTM D638, 2014).
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                   a)                            b)                                                      c)
Figure 3. Measurement in the ZEISS VISTA CMM: a) set up, b) measuring process, c) distance 
calculation.
                           a)                                                  b)                                                   c)
Figure 4. Microstructure of the specimens: a) 20% infill, b) 40% infill and c) 80% infill.
             
                                                        a)                                        b)                               c)
Figure 5. Tensile test: a) specimen preparation, b) tensile test, c) specimen after fracture.
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c)
Figure 6. Build orientation and infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
a)
Page 29 of 35 Rapid Prototyping Journal
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
Rapid Prototyping Journal
5
b)
c)
Figure 7. Layer thickness and infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
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c)
Figure 8. Raster angle and infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
a)
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b)
c)
Figure 9. Infill effect on: a) elastic modulus, b) UTS, and c) elongation. 
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c)
Figure 10. Comparison of the experimental results with existing results: a) elastic modulus, b) 
UTS, and c) elongation.
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